Guanine nucleotide exchange factors (GEFs) of the exchange factor for Arf6 (EFA6), brefeldin A-resistant Arf guanine nucleotide exchange factor (BRAG), and cytohesin subfamilies activate small GTPases of the Arf family in endocytic events. These ArfGEFs carry a pleckstrin homology (PH) domain in tandem with their catalytic Sec7 domain, which is autoinhibitory and supports a positive feedback loop in cytohesins but not in BRAGs, and has an as-yet unknown role in EFA6 regulation. In this study, we analyzed how EFA6A is regulated by its PH and C terminus (Ct) domains by reconstituting its GDP/GTP exchange activity on membranes. We found that EFA6 has a previously unappreciated high efficiency toward Arf1 on membranes and that, similar to BRAGs, its PH domain is not autoinhibitory and strongly potentiates nucleotide exchange on anionic liposomes. However, in striking contrast to both cytohesins and BRAGs, EFA6 is regulated by a negative feedback loop, which is mediated by an allosteric interaction of Arf6-GTP with the PH-Ct domain of EFA6 and monitors the activation of Arf1 and Arf6 differentially. These observations reveal that EFA6, BRAG, and cytohesins have unanticipated commonalities associated with divergent regulatory regimes. An important implication is that EFA6 and cytohesins may combine in a mixed negative-positive feedback loop. By allowing EFA6 to sustain a pool of dormant Arf6-GTP, such a circuit would fulfill the absolute requirement of cytohesins for activation by Arf-GTP before amplification of their GEF activity by their positive feedback loop.
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endocytosis | membrane traffic | kinetics | autoinhibition G uanine nucleotide exchange factors (GEFs), which activate small GTPases by stimulating their intrinsically very slow GDP/GTP exchange, are key players in the extraordinary diversity of small GTPases pathways (reviewed in ref. 1). Small GTPases carry little specificity determinants on their own to determine when and where they should be turned on and which pathway they should activate (2) , which are instead largely monitored by their GEFs. Thus, understanding how different members of a GEF family activate an individual small GTPase in distinct patterns is a major issue in small GTPase biology in normal cells and in diseases.
An important contribution to the functional specificity of GEFs is how they themselves are regulated. Crystallographic studies combined with biochemical studies that reconstituted GEF-stimulated GDP/GTP nucleotide exchange have been instrumental in uncovering a growing complexity of regulatory mechanisms (reviewed in ref. 1). These include autoinhibitory elements outside the catalytic GEF domain that block access to the active site (3-7), large conformational changes that release autoinhibition in response to various stimuli (8) (9) (10) (11) , positive feedback loops in which freshly produced GTP-bound GTPases stimulate GDP/ GTP exchange (10, (12) (13) (14) (15) , and potentiation of nucleotide exchange by colocalization on membranes (11, 13, 16, 17) .
These previous studies demonstrated that a wide range of regulatory regimes can be achieved even at the scale of a single GEF family by regulatory mechanisms that combine in multiple ways.
GEFs that activate small GTPases of the Arf family (ArfGEFs), which are major regulators of many aspects of membrane traffic and organelle structure in eukaryotic cells (reviewed in refs. 18 and 19) , form one of the best-characterized GEF families to date (reviewed in ref. 1) , making a comprehensive view of their regulatory repertoire within reach. ArfGEFs comprise two major groups: the BIG/GBF1 group, which functions at the Golgi, and a group composed of the exchange factor for Arf6 (EFA6), brefeldin A-resistant Arf guanine nucleotide exchange factor (BRAG), and cytohesin subfamilies, which activate Arf GTPases at the cell periphery and function in various aspects of endocytosis (reviewed in ref. 20) . The actual substrates of these ArfGEFs have been difficult to establish, notably because the most abundant Arf isoform, Arf1, was long believed to be excluded from the plasma membrane where the Arf6 isoform is located. Accordingly, cytohesins and BRAGs have been described as Arf6-specific GEFs in cells but are now recognized as active Arf1-GEFs (16, 21, 22) , whereas EFA6 remains the sole ArfGEF considered to be strictly Arf6-specific (23, 24) .
Members of the EFA6, BRAG, and cytohesin subfamilies have divergent N-terminal domains but a related domain organization in their C terminus comprising a Sec7 domain, which stimulates GDP/GTP exchange, followed by a pleckstrin homology (PH) domain, which has multiple regulatory functions. In cytohesins, the PH domain recognizes signaling phosphoinositides by its canonical lipid-binding site (25) , autoinhibits the Sec7 domain by obstructing its Arf-binding site (4) , and amplifies nucleotide Significance EFA6, cytohesins, and BRAGs activate Arf GTPases in endocytic events. They carry a plasma membrane-binding PH domain in tandem with their catalytic Sec7 domain, which is autoinhibitory and mediates a positive feedback loop in cytohesins but not in BRAGs, and has an as-yet unknown role in EFA6 regulation. By reconstituting GDP/GTP exchange on membranes, we find that the PH domain of EFA6 is not autoinhibitory, but supports a negative feedback loop. This loop is controlled by interaction of Arf6-GTP with the PH-Ct domains of EFA6 and monitors Arf1 and Arf6 activation differentially. This suggests that EFA6 and cytohesins might be coupled in a mixed negative-positive feedback loop to shape the level and timing of Arf1 and Arf6 activation in endocytosis.
exchange by a positive feedback loop involving its direct interaction with Arf1-GTP or Arf6-GTP (10, 13, 21) . In contrast, the PH domain of BRAG is not autoinhibitory and is not involved in a feedback loop, but instead strongly potentiates nucleotide exchange by binding to polyanionic membranes without marked phosphoinositides preference (16) .
How members of the EFA6 subfamily are regulated is currently unknown. These ArfGEFs are found predominantly (although not exclusively) in the brain and function in the coordination of endocytosis and actin dynamics (23, 26, 27) , in the maintenance of tight junctions (28) , in microtubule dynamics in Caenorhabditis elegans embryos (29) , and in the formation and maintenance of dendrites (30) , although the molecular details of these functions remain largely unknown. Consistent with an important role in the brain, defects in EFA6 functions have been found in neurologic disorders (31) and in human gliomas (32) . The PH domain of EFA6 subfamily members drives the localization of EFA6 members to the plasma membrane (26) and it binds to PIP 2 lipids (33). It is followed by a 150-residue C-terminal (Ct) domain predicted to form a coiled coil, which massively induces actin-rich membrane protrusions when expressed with the PH domain (26) . The divergence of regulatory mechanisms between Sec7-PHcontaining cytohesins and BRAGs prompted us to undertake a quantitative biochemical investigation of EFA6 nucleotide exchange regulation. Our findings reveal an overlooked dual specificity of EFA6 for Arf1 and Arf6 and an unprecedented regulation by a negative feedback loop, with important potential implications for the activation of Arf GTPases in endocytic events.
Results

EFA6 Is Not Autoinhibited by Its PH Domain and Is Potentiated by
Membranes. To quantify the GEF efficiency of human EFA6, we performed nucleotide exchange kinetics analyses with EFA6A constructs encompassing the Sec7 domain (EFA6 Sec7 ) or the entire C-terminal region (EFA6 Sec7-PH-Ct ) along with the cellular form of Arf6 that carries a myristate attached to its N-terminal glycine ( myr Arf6), full-length Arf6 lacking the myristate group ( unmyr Arf6), or a soluble construct lacking the N-terminal α-helix (Δ13Arf6). All recombinant proteins were highly pure ( Fig. 1A and Fig. S1 ; for Arf proteins, see refs. 16 and 34), allowing accurate kinetics analysis using tryptophan fluorescence (Table 1) .
We first analyzed the nucleotide exchange efficiency (k cat / K M ) of the different EFA6 constructs in solution (Fig. 1B) .
, which is in the same range as values reported for cytohesins (35) and BRAGs (16 s −1 range), demonstrating that neither the Sec7 domain nor the PH-Ct domain carry determinants to displace the N-terminal helix of Arf6, which locks its GDP-bound form (36) .
We next analyzed the efficiency of our EFA6 constructs in the presence of PIP 2 -containing anionic liposomes (Fig. 1C ).
EFA6
Sec7 was insensitive to liposomes, whereas liposomes increased the catalytic efficiency of EFA6 Sec7-PH-Ct toward unmyr Arf6, which tethers weakly to membranes by its amphipathic N-terminal helix, but not toward Δ13Arf6, which lacks all membranetethering elements. The maximal
) was reached for myr Arf6, in which all membrane-tethering elements are present, which is approximately three orders of magnitude more efficient than EFA6 Sec7 /Δ13Arf6 in solution. These observations indicate that a major component of EFA6 full efficiency stems from its recruitment to membranes by its PH-Ct domain.
We next analyzed whether the efficiency of EFA6 would be sensitive to liposome characteristics, as has been shown recently for other human and bacterial ArfGEFs (11, 13, 16) (Table S1 and Fig. S2A ). The addition of uncharged liposomes had essentially no effect compared with experiments carried out in solution, whereas all liposomes containing PIP 2 , PS, or both strongly potentiated nucleotide exchange. Surprisingly, the effects of PIP 2 and PS were not additive, raising the possibility that EFA6 could bind to membranes by unspecific electrostatic interactions, as was recently reported for BRAG (16 bound IP 3 , the inositol-phosphate headgroup of PIP 2 , with K D values in the same range as those reported for GST-EFA6 PH -and PIP 2 -containing vesicles (33) (Fig. S2 B and C) , suggesting that EFA6 interacts with PIP 2 in a specific manner. The addition of IP 3 did not have a significant effect on the nucleotide exchange efficiency of EFA6 Sec7-PH-Ct in solution (Fig. S2D) , suggesting that binding of PIP 2 to the PH domain does not exert an allosteric effect on the Sec7 domain. Finally, EFA6 did not appear to be sensitive to the curvature of liposomes (Fig. S2E) or to the presence of cholesterol (Table S1) .
Taken together, the foregoing experiments suggest that membranes potentiate EFA6
Sec7-PH-Ct efficiency through colocalization with myr Arf6 and the resulting optimization of their relative orientations, and that the PH-Ct domain has specific interactions with PIP 2 and possibly nonspecific electrostatic interactions with anionic lipids.
EFA6A Is an Efficient Arf1-GEF on Membranes. Previous studies found that EFA6 is inactive toward Arf1 in vitro (23, 26, 37) , consistent with the long-prevailing view that Arf1 is excluded from the plasma membrane. However, more recent studies established that Arf1 is activated at the plasma membrane (21, 38) and showed that both Arf1 and Arf6 are substrates for cytohesins (4, 13) and BRAGs (16, 22) . This prompted us to analyze the exchange efficiency of EFA6 Sec7 and EFA6 , which is only 3.6 lower than the catalytic efficiency toward myr Arf6 on liposomes. The insensitivity of Arf1 to activation by EFA6 in solution could be related to its switch 1 region, which is important for its interaction with ArfGEFs and has the same sequence in Arf1 and Arf6, but is structurally less dynamic in Arf1 (39) than in Arf6 (40) . The Sec7 domain of EFA6 features an arginine residue (R625) that replaces a highly conserved valine that contacts the switch 1 of Arf1 in cytohesins (41) , and thus would be well suited to sense this difference; however, the R625V mutation only slightly impaired Δ13Arf6 activation (Fig. S3A) , and it did not restore activation of Δ17Arf1 by EFA6 Sec7 (Fig. S3B) . Thus, EFA6 is an efficient GEF for myr Arf1 on liposomes, but why nucleotide exchange is not recapitulated with Δ17Arf1 in solution cannot be explained by a simple sequence difference.
EFA6A Is Regulated by a Negative Feedback Loop Mediated by Arf6-
GTP, but Not by Arf1-GTP. Positive feedback loops by freshly produced GTP-bound GTPases is emerging as a common trait of GEFs regulation (10, (12) (13) (14) (15) , although several examples have now been described that depart from this paradigm (7, 11, 16) . To investigate the existence of a feedback mechanism in EFA6, we generated increasing amounts of myr Arf-GTP on liposomes before measuring nucleotide exchange, using all four possible combinations between Arf1 and Arf6. In striking contrast with the positive feedback effects observed in other GEFs, preloading liposomes with myr Arf6-GTP resulted in a significant decrease of nucleotide exchange from both myr Arf1 (Fig. 2 A and B ) and myr Arf6 (Fig. S4A) .
myr Arf6-GTP inhibited myr Arf1 activation, with an IC 50 of 81 ± 16 nM, and myr Arf6 activation, with an IC 50 of 944 ± 203 nM (Fig. 2C) . In contrast, myr Arf1-GTP had no effect on EFA6 exchange rate, regardless of whether the substrate was myr Arf1 (Fig. 2C and Fig. S4B ) or myr Arf6 (Fig. S4C) . These results identify a negative feedback loop never reported before for a GEF, and they suggest that this loop discriminates between the two Arf isoforms.
We next investigated the mechanism through which Arf6-GTP mediates its negative feedback effect. A simple possibility could be that Arf6-GTP competes with Arf-GDP as an inhibitor or a substrate of the Sec7 active site. The addition of increasing concentrations of Δ13Arf6-GTP had no effect on the activation of Δ13Arf6 by EFA6 Sec7 in solution, indicating that Arf6-GTP does not act through a simple competition effect (Fig. S5A) . Likewise, EFA6
Sec-PH-Ct was unable to stimulate GTP-GDP exchange from myr Arf6-GTP on liposomes (Fig. S5B) , indicating that Arf6-GTP is not a substrate of EFA6.
Alternatively, myr Arf6-GTP could act through an allosteric interaction with the PH-Ct domain. To test this hypothesis, we added increasing amounts of purified EFA6
PH-Ct to liposomes preloaded with a fixed amount of myr Arf6-GTP before starting the exchange reaction with EFA6 Sec-PH-Ct and myr
Arf1. EFA6
PH-Ct relieved the feedback effect in a dose-dependent manner ( Fig. 3A and Fig. S5C ), suggesting that EFA6 PH-Ct reverses the negative feedback loop by titrating myr Arf6-GTP. Confirming that EFA6 PH-Ct binds to Arf6-GTP, Arf6Q67L and Arf6T157N expressed in cells, both loaded predominantly with GTP (42), were efficiently pulled down by purified GST-EFA6 PH-Ct (Fig.  3B) . Finally, purified EFA6 PH-Ct was able to recruit Δ13Arf6-GTP (which is soluble and does not bind to membranes) to liposomes (Fig. 3C ), indicating that Arf6-GTP and EFA6
PH-Ct interact directly and independently of the catalytic Sec7 domain. This ensemble of experiments suggests that the GEF activity of EFA6 is regulated by a negative feedback loop actuated specifically by myr Arf6-GTP, and that the underlying mechanism involves an allosteric interaction of myr Arf6-GTP with the PH-Ct domain of EFA6.
Discussion
Higher eukaryotes have three subfamilies of ArfGEFs involved in endocytic events-cytohesins, BRAGs, and EFA6-all of which carry a PH domain associated with a catalytic Sec7 domain. Previous studies highlighted that this organization determines different regulatory mechanisms in cytohesins (4, 10, 13, 21) and in BRAGs (16) , but how the GEF activity of EFA6 is regulated by its PH domain remained unknown. By analyzing the regulation of EFA6A activity toward Arf1 and Arf6 using nucleotide exchange reactions reconstituted on artificial membranes, this study reveals unexpected commonalities and divergences among the three ArfGEF subfamilies, yielding a framework for envisioning how they work on peripheral membranes.
Our analysis shows that the Sec7 domain of EFA6 has a GEF efficiency toward Arf6 in the same range as that of cytohesins (35) and BRAGs (16) . Likewise, the C-terminal region of EFA6, which includes the PH domain, supports strong potentiation of nucleotide exchange by membranes (by approximately three orders of magnitude), which is in the range reported for BRAG Sec7-PH (16) . Our study also reveals that EFA6 Sec7-PH-Ct is almost as potent an activator of Arf1 as Arf6 on membranes, possibly explaining why EFA6 leads to Arf1 activation in cell cultures (21) . Taken together, these observations reveal that EFA6 do not have major discrepancies with cytohesins and BRAGs in terms of intrinsic GEF efficiency or substrate preference.
In contrast, the regulatory modalities of EFA6 depart from those of cytohesins and BRAGs in various respects (Table 2) . Notably, EFA6 is not autoinhibited by its PH domain and is regulated by a negative feedback loop mediated by interaction of its PH-Ct domains with Arf6-GTP. This interaction is reminiscent of the mechanism of feedback control of cytohesins by interaction of their PH domain with Arf-GTP (4, 10, 13, 21); however, the presence of a large C-terminal domain, which likely associates with the PH domain in EFA6 as suggested by smallangle X-ray scattering (SAXS) analysis (Fig. S1B) , and the opposite regulatory effect of Arf-GTP suggest that the interaction probably is structurally very different. Furthermore, EFA6 discriminates between Arf1 and Arf6 as effectors of the negative feedback loop, an effect not seen in cytohesins, which are equally sensitive to activation by Arf1-GTP and Arf6-GTP (13) . It should also be noted that EFA6 is potentiated equally well by PIP 2 -containing or anionic membranes but does not have a strict requirement for a specific phosphoinositide, and thus has membrane preferences distinct from those of both cytohesins (25) and BRAGs (16) . Given the strong similarities between EFA6 subfamily members in their Sec7-PH-Ct regions (26), we predict that the regulatory modalities found for EFA6A in this study apply to all members of the subfamily. Whether their N-terminal regions, which are more divergent than their Sec7-PH-Ct regions (26) and have functions independent of Arf GTPases (29) , add another layer of regulation remains to be investigated. Negative and positive feedback loops, such as found in EFA6 and cytohesins, are crucial elements that can be coupled to determine the timing and amplitude of various cellular behaviors (reviewed in ref. 43) , suggesting the attractive possibility that EFA6 and cytohesins can leverage their regulatory regimes to work in concert. Remarkably, the negative feedback loop in EFA6 would provide a simple solution to the absolute requirement of cytohesins for activation by Arf-GTP before their GEF activity is amplified by a positive feedback loop (13) (Fig. 4) . Being devoid of constitutive autoinhibition by its PH domain or of a strict requirement for a signaling lipid for its recruitment to the plasma membrane, EFA6 could produce basal levels of Arf6-GTP, with its negative feedback loop working initially as a limiter (Fig. 4, Left) . Cytohesins, on recruitment to the plasma membrane induced by an increase in PIP 2 or PIP 3 , could then mobilize this dormant Arf6-GTP pool to trigger their own GEF activity (Fig. 4, Center) . The resulting burst in Arf6-GTP and Arf1-GTP production would then concurrently sustain the GEF activity of cytohesins and turn off the GEF activity of EFA6, making cytohesins the major active ArfGEFs at that stage (Fig. 4 , Right). In this model, EFA6 and Arf6 would have a general (although not necessarily unique) function in tuning the level of cytohesin activity.
The foregoing model involving an ArfGEF circuit with differential activation of Arf1 and Arf6 is supported by certain lines of evidence. Notably, a separation of Arf6 activation and effector functions has been observed in endocytic receptor recycling, in which a dormant pool of Arf6-GTP was observed in clathrin-coated pits that became mobilized only later in fast endocytic events (44) . This finding would be consistent with the proposed role of EFA6 in sustaining a basal amount of Arf6-GTP. Likewise, it has been shown that Arf1 and Arf6 have different peaks of activation during phagocytosis, with Arf1 activation delayed and lasting longer than Arf6 activation, although the GEFs involved are unknown (38) . Recent work also showed that Arf6 and Arf1 must be activated in sequence for WRC-mediated actin assembly, and that this requires a cytohesin and either EFA6 or BRAG working in concert (45) .
It should be noted that a corollary of the feedback circuit model is that expression of dominant active or inactive Arf GTPases or of ArfGEFs and ArfGEF mutants is predicted to interfere with multiple, possibly opposing steps, which should be taken into account when interpreting the resulting phenotypes. Accordingly, the challenge to investigate such feedback circuit will be to find ways to perturb and monitor individual steps separately. Future investigations of the structural mechanism whereby Arf6-GTP and the PH-Ct domain of EFA6 establish the negative feedback loop should be an important step toward this goal.
Experimental Procedures
Expression and Purification of Recombinant Proteins. Arf1 and Arf6 constructs were expressed in Escherichia coli, purified, and, when appropriate, modified by coexpression or in vitro myristoylation and/or loaded with GDP or GTP nucleotides as described previously (16, 34 were further characterized by synchrotron SAXS (Fig. S1A) and by size exclusion chromatography with multiangle light scattering (Fig. S1B) , respectively, which demonstrated that the constructs are monomers, and thus the C-terminal domain does not form a homodimeric coiled coil.
Cell Culture, Reagents, and Antibodies. Baby hamster kidney cells (BHK-21) were grown in BHK-21 medium (Gibco-BRL), containing 5% FCS, 10% Tryptose phosphate broth, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine. Mouse mAb against the myc epitope (clone 9E10; Roche Diagnostics) was obtained from Jackson ImmunoResearch.
Liposomes. All lipids were obtained from Avanti Polar Lipids. Liposomes were prepared as described previously (13) in a buffer containing 50 mM Hepes pH 7.4 and 120 mM potassium acetate. Unless specified otherwise, liposomes contained 34% phosphatidylcholine (PC), 14% phosphatidylethanolamine (PE), 21% phosphatidylserine (PS), 0.7% phosphatidylinositol-4,5-diphosphate (PIP2), and 30% cholesterol and were extruded through a 0.2-μm filter (Whatman).
Nucleotide Exchange Kinetics. Nucleotide exchange kinetics were performed by monitoring tryptophan fluorescence (λ exc = 298 nm; λ exc = 340 nm) on a fluorimeter (Cary) equipped with stirring and thermostating devices. Experiments were performed in HKM buffer (50 mM Hepes buffer, pH 7.4, 120 mM potassium acetate, and 1 mM MgCl 2 ) supplemented with 1 mM DTT at 37°C. Pseudofirst-order rate constants (k obs ) were obtained by fitting the kinetic traces with exponential functions, except for EFA6 Sec7-PH-Ct and myr Arf6, which had more complex kinetics, as was previously observed with other Arf6GEFs (16) . In this case, k obs values were derived from initial velocities as described in SI Experimental Procedures. k cat /K M values were determined from k obs measured over a range of GEF concentrations, as described previously (16, 46) . The liposome concentration was 100-200 μM, at which the protein/lipid ratio is sufficiently high for most of the lipid surface to remain accessible to the proteins (13) .
Binding Experiments. Equilibrium dissociation constants (K d ) of IP 3 to EFA6
PH-Ct or EFA6 Sec7-PH-Ct were determined from the decrease in fluorescence emission at 340 nm by fitting the following equation:
where [L] is the concentration of IP 3 . For pull-down experiments, BHK-21 cells were transfected with plasmids encoding C-terminally myc-tagged Arf6Q67L or Arf6T157N, using Jet Pei reagent. After 24 h, cells were lysed in 50 mM Tris pH 8.0, 100 mM NaCl, 10 mM MgCl 2 , 10% glycerol, 1% Triton-X100, 2 mM DTT, and a mixture of protease inhibitors (Roche), and then centrifuged at 15,000 × g for 10 min at 4°C. Supernatants were incubated with 2 μM GST constructs in the presence of 0.75% BSA and glutathione Sepharose beads overnight at 4°C. The beads were then washed, and bound proteins were eluted using SDS sample buffer and separated on SDS/PAGE. The presence of Arf6 in the eluate was detected by Western blot analysis using the anti-tag antibodies. For cosedimentation experiments, purified Δ13Arf6-GTP (1.5 μM) and EFA6 PH-Ct proteins (0.5 μM) were incubated with sucrose-loaded fluorescent liposomes (34.3% PC, 14% PE, 21% PS, 0.7% PIP 2 , 30% cholesterol, and 0.2% NBD-PE) extruded on a 0.2-μm filter. Liposomes were sedimented for 20 min at 400,000 × g, checked by fluorescence using a FujiLAS 3000 imager equipped with a CCD camera, and analyzed on 15% SDS/PAGE stained with Sypro-orange and by Western blot analysis with the 1D9 anti-Arf monoclonal antibody (Thermo Fisher Scientific). 
